Here, evidence suggests that nitric oxide synthases (NOS) of tumor cells, in contrast with normal tissues, synthesize predominantly superoxide and peroxynitrite. Based on high-performance liquid chromatography analysis, the underlying mechanism for this uncoupling is a reduced tetrahydrobiopterin:dihydrobiopterin ratio (BH4:BH2) found in breast, colorectal, epidermoid, and head and neck tumors compared with normal tissues. Increasing BH4:BH2 and reconstitution of coupled NOS activity in breast cancer cells with the BH4 salvage pathway precursor, sepiapterin, causes significant shifts in downstream signaling, including increased cGMP-dependent protein kinase (PKG) activity, decreased b-catenin expression, and TCF4 promoter activity, and reduced NF-kB promoter activity. Sepiapterin inhibited breast tumor cell growth in vitro and in vivo as measured by a clonogenic assay, Ki67 staining, and 2[18F]fluoro-2-deoxy-D-glucose-deoxyglucose positron emission tomography (FDG-PET). In summary, using diverse tumor types, it is demonstrated that the BH4:BH2 ratio is lower in tumor tissues and, as a consequence, NOS activity generates more peroxynitrite and superoxide anion than nitric oxide, resulting in important tumor growth-promoting and antiapoptotic signaling properties.
Introduction
Interest in nitric oxide (NO) as a signaling molecule in normal and cancer cells has developed because of links between chronic inflammatory diseases, such as diabetes and reactive oxygen and reactive nitrogen species (ROS/RNS), with cancer (1) . NO can have both protumorigenic and antitumorigenic activities, depending on concentration and levels of other ROS (2) . For example, inhibition of endogenous NO synthases (NOS) blocks the growth of some, but not all, tumor cells by direct cytotoxic effects on the tumor cells or by inhibiting tumor endothelial cells (3, 4) . In contrast, increased activity of inducible NOS (iNOS) in breast and colorectal cancer cells upregulates tumor growth, promoting Wnt/b-catenin signaling (5) .
NO/RNS are essential for autocrine-regulated oncogenic Rasdriven pancreatic tumor growth (6) . Akt phosphorylation and activation of endothelial NOS (eNOS) stimulates RNS-dependent oxidation or S-nitrosylation of Cys 118 of Ras, resulting in cytoprotective signaling through Akt. Regulation of receptor Tyr kinase pathways, e.g., EGFR, can be achieved by inhibiting counteracting protein Tyr phosphatases by RNS-mediated oxidation of their active site Cys, e.g., SHP-2 (7, 8) . PTEN also has an active site Cys sensitive to oxidation, and its oxidation by RNS inhibits PTEN-activating antiapoptotic Akt signaling (9) . RNS activate cytoprotective NF-kB transcriptional activity by nitrating Tyr 181 of IkBa, causing its dissociation from NF-kB (10) . Simulating a chronic inflammatory environment by treating MCF10A cells with low levels of RNS donors or coculturing with activated macrophages stimulates Tyr nitration and activity of PP2A, leading to the downregulation of BRCA1 expression and reduced homologous recombination DNA repair. The latter is compensated by enhanced nonhomologous end-joining repair, potentially promoting chromosomal instability, a hallmark of tumor progression (11) .
Alternatively, NO can inhibit growth-promoting pathways of tumors. For example, S-nitrosylation of the p65 subunit of NF-kB or of IKKb blocks NF-kB transcriptional activity (12) . Increasing cellular cGMP with 5 0 -phosphodiesterase (PDE5) inhibitors or overexpression of cGMP-dependent protein kinase G (PKG), a downstream effector of NO, inhibits colorectal and breast tumor growth (13, 14) .
Given the technical difficulties of directly measuring NO in cells and tissues, most studies with tumors assume that NOS synthesize NO. However, as documented in the vasculature literature, NOS has two activities: NO or O 2 Arg oxidation. The ratio of [BH4] to its oxidation product [BH2] is critical because both bind to the active site with equal affinity. When tissue BH4:BH2 is low, as found in patients with chronic inflammatory diseases, more O 2 À /ONOO À and less NO are generated (16) . This catalytic uncoupling also occurs at very low [Arg] or with increased levels of endogenous NOS inhibitors (17, 18) . We showed that sepiapterin, a salvage pathway precursor for BH4, prophylactically blocked dextran sodium sulfate (DSS)-induced colitis in mice and significantly reduced the incidence of colorectal tumors in an azoxymethane/DSS mouse model for colorectal cancer (19) . High-performance liquid chromatography (HPLC) analyses of total colon biopterins were inconclusive, although there was a trend for lower BH4:BH2 in colons from mice treated with DSS that was reversed with sepiapterin. However, colonic cGMP levels were significantly reduced in colons of mice drinking DSS, and this was reversed with sepiapterin by a mechanism sensitive to an inhibitor of the NO-activated soluble guanylate cyclase (sGC). Inhibiting sGC also blocked the protective effects of sepiapterin on colitis. Oral sepiapterin inhibited expression of inflammatory cytokines (IL1b, IL6, and IL17A), reduced infiltration of inflammatory cells (neutrophils and macrophages), and significantly inhibited the increased protein Tyr nitration in the diseased colons. These results are consistent with DSS/chronic inflammation-induced uncoupling of NOS, although we could not eliminate that BH4 or sepiapterin also protects sGC from oxidative inactivation (20) .
To further explore the role of NOS uncoupling in tumor growth, we measured BH4:BH2 in diverse tumors, both in vitro and in vivo. Downstream signaling pathways relevant to breast cancer growth and sensitive to NO/RNS have been evaluated in terms of NOS coupling and tumor cell survival.
Materials and Methods

Biologic materials
Cell lines from the ATCC, authenticated through short tandem repeat profiling, were frozen as early-passage stocks after receipt from the vendor. Cells were cultured for fewer than 6 months after thawing. All cell lines were grown in 10% FCS in RPMI-1640 plus penicillin-streptomycin. Subcutaneous (s.c.) tumor xenografts were created in the hind legs of athymicNCr-nu/nu mice (3). MCF7 xenograft growth was supported by 17b-estradiol pellets (1.5 mg, 60-day release; Innovative Research of America) inserted s.c. on the backs of mice. Breeding pairs of MMTVneu mice were from The Jackson Laboratory. Drinking water was doped with 40 mg/mL sepiapterin or 0.64 mg/kg/day (19) , significantly less than used in studies on vascular function (21) . All animal experiments conform to protocols approved by the Institutional Animal Care and Use Committee of Virginia Commonwealth University.
Human colorectal tumor samples and paired normal tissues were provided by the Tissue and Data Acquisition and Analysis Core of Massey Cancer Center as sections from optimal cutting temperature (OCT) blocks were prepared at the time of surgery. These samples were obtained through an Institutional Review Board approved specimen anonymization agreement.
Reagents
Reagents included biopterins (Schircks Laboratories), KT5823, and the cGMP Elisa kit (Cayman Chemical Co.). Antibodies were Actin, IkBa, VASP (Santa Cruz), p65, pSer 157 , and pSer 239 VASP (Cell Signaling Technology), PKG1b (Stressgen), Ki67 (NOVUS Biologicals), 3-nitrotyrosine (Life Technologies), b-catenin (BD Transduction), and fluorophore-conjugated secondary antibodies (Rockland). Expression plasmids for VASP, iNOS, eNOS, and GCH1 were from Addgene.
Cell and biochemical analyses Clonogenic assays and analytic methods for biopterins and cGMP have been described (3, 19) . OCT blocks of human colon tissue were dissolved in PBS, and the tissue was collected by centrifugation prior to extracting in 0.1 N HCl for HPLC analysis. O 2 À generation was assayed by a fluorescence HPLC assay (22) .
Protein S-nitrosylation was detected by the biotin switch method (7). For T-cell factor/lymphoid enhancer factor (TCF/LEF) promoter activity, cells were treated with PKGIb siRNA premix (Qiagen) or sepiapterin. After 24 hours, cells were transfected by lipofectamine/plus with a luciferase-tagged TCF/LEF reporter construct (Addgene) in sepiapterin-free medium. Three hours later, the medium was changed with fresh sepiapterin, and luciferase activity was measured 24 hours later. A luciferase reporter plasmid (Clontech) was used to measure NF-kB promoter activity (10) .
PET/CT imaging
Fasted and anesthetized (2% isoflurane) animals were tail vein injected with 300 mCi[
18 F]FDG (IBA Molecular). After 60 minutes of 2[18F]fluoro-2-deoxy-D-glucose (FDG) uptake, PET/CT images were acquired in the Inveon Preclinical System (Siemens Healthcare) without attenuation correction. Images were processed using the manufacturer's recommended calibration procedures, and a phantom of known volume and activity was acquired prior to the study. OSEM3D-MAP reconstructions used Inveon Acquisition Workplace 1.5 for region-of-interest (ROI) analysis in the Inveon Research Workplace 4.1. The percentage of injected dose/g of tissue (%ID/g) was calculated after decay corrections using the formula: %ID=g ¼ðC t =IDÞ Â 100, where C t is the concentration of the radiotracer in the tissue obtained from the PET images after ROI analysis.
Immunohistochemistry
Tumors frozen in liquid N 2 were embedded in OCT. Cryosections (6 mm) fixed in ice-cold acetone were blocked with goat serum prior to staining with DAPI and antibodies. Images were captured using the Ariol Digital Pathology Platform. Quantitation was obtained with ImageJ software using DAPI staining for normalization.
Statistical analysis
Except where indicated, a one-way ANOVA with the Dunnett post hoc test was used for statistical analysis with P 0.05 considered statistically significant.
Results
BH4:BH2 is low in tumor cells and increases with sepiapterin supplementation
The BH4:BH2 of tumor cells measured with an HPLC assay ( Supplementary Fig. S1 ) was significantly lower relative to that of normal tissues examined. This is true regardless of their origin (breast, head and neck, epidermoid, and colorectal) or whether grown in tissue culture, as xenografts, or in a spontaneous mouse breast cancer model (MMTVneu). Low BH4:BH2 is also observed in human colorectal carcinoma biopsies compared with that found in paired adjacent "normal" colon tissue (Table 1 ; paired t test, n ¼ 4, P < 0.001). That the paired "normal" biopsy sample has a relatively lower BH4:BH2 from that expected for normal tissue is possibly a consequence of the inflammatory state of tissue adjacent to tumor. Insufficient amounts of normal human breast epithelial tissue for the HPLC analysis precluded a similar analysis for breast cancer tissues.
BH4:BH2 is regulated in part by the rate-limiting enzyme for BH4 synthesis, GTP-cyclohydrolase-1 (GCH1), or by a salvage pathway in which sepiapterin is converted to BH4 through the activities of sepiapterin reductase and dihydrofolate reductase (DFHR; ref. 23) . Targeting either pathway is effective in manipulating BH4:BH2. Transient transfection of MCF7 cells at about 50% efficiency with an expression plasmid for GCH1 increases BH4:BH2 approximately 6-fold (Table 1 ). Incubating cells with sepiapterin increased BH4:BH2 maximally at 6 hours and sustained for at least 16 hours (Supplementary Fig. S2 and Supplementary Table S1 ). Depending on the cell type, 20 mmol/L sepiapterin for 16 hours increases BH4:BH2 between 3-and 17-fold. For breast and squamous carcinoma xenografts and spontaneous MMTVneu mammary tumors, drinking water containing sepiapterin for 48 hours elevates tumor BH4:BH2 from 3-to 7-fold.
To establish that sepiapterin promotes an increased BH4:BH2 via the salvage pathway, additional experiments used the sepiapterin reductase inhibitor, N-acetylserotonin (NAS), and the high-affinity NOS inhibitor, Nw-nitro-L-arginine (L-NNA). Coincubation of sepiapterin and NAS substantially blocks the sepiapterin-induced increase in BH4:BH2, with no effect on basal BH4: BH2 in MCF7 or MDA-231 cells (Table 2 ). L-NNA modestly increases BH4:BH2 in cells not incubated with sepiapterin (P ¼ 0.01, MCF7; P ¼ 0.03, MDA-231). Coincubation of L-NNA with sepiapterin also increases BH4:BH2 in MCF7 cells relative to sepiapterin alone (P ¼ 0.002). This was not statistically significant with MDA-231 cells (P ¼ 0.1). That NOS inhibition enhances BH4:BH2 is consistent with an uncoupling mechanism whereby NOS-produced peroxynitrite directly oxidizes BH4 autopropagating NOS uncoupling (17) . We also demonstrated that NADPH oxidase activity contributes to BH4 oxidation in that incubation of cells with its peptide inhibitor, gp91 ds-tat, caused significant increases in the BH4:BH2 (Table 2) .
Recoupling NOS activity with sepiapterin
To test whether increased BH4:BH2 enhances NO production, cellular cGMP levels were measured. As a positive control, MCF7 cells were incubated with the NO donor, S-nitrosoglutathione (GSNO). There is a progressive increase in the basal levels of cGMP with increasing sepiapterin concentration (Fig. 1A) . Coincubation with L-NNA blocks the increase, indicating that sepiapterin is acting through the NO-dependent sGC. Sepiapterin also enhanced cGMP levels in MCF7 and MDA-231 tumor xenografts (Fig. 1B) . Both MCF7 and MDA-231 cells express cGMPdependent PK G-1b (24, 25) . To measure its enzymatic activity, we monitored phosphorylation of Ser 239 of the endogenous PKG substrate, VASP. Sepiapterin treatment of MCF7 cells transiently transfected with VASP enhances Ser 239 VASP phosphorylation (Fig. 1C , top two panels). We also examined the cAMP-dependent protein kinase A (PKA) site Ser . Western blot analysis of VASP pSer 157 -VASP showed no change in phosphorylation with sepiapterin, although there was a robust response to the PKA agonist forskolin (Fig. 1C , bottom two panels).
L-NNA inhibits both eNOS and iNOS with a selectivity of about 20-fold for eNOS (26) . Because MCF7 and MDA-231 cells express both eNOS and iNOS isoforms, but iNOS catalytic activity is 100-fold greater than that of eNOS, we tested whether a highly selective inhibitor for iNOS, 1400W (5,000-fold selectivity), also blocked sepiapterin-increased cGMP levels (27, 28) . As shown in Supplementary Fig. S3 , 1400W effectively blocked sepiapterin-induced cGMP levels. That the catalytic activity of iNOS is 100-fold greater than eNOS argues that iNOS is the dominant, but depending on physiologic conditions perhaps not the only, NOS isoform stimulating sGC. Regardless of the isoform, exogenous sepiapterin increases BH4:BH2, thereby recoupling NOS and stimulating sGC.
Uncoupled NOS produces O 2 À and increasing cellular BH4 reduces cell production of O 2 À (15). To functionally assess NOS recoupling, O 2 À was measured using a HPLC-fluorescence assay that specifically measures its production from its oxidation of dihydroethidium to 2-hydroxyethidium (22) . In both MCF7 and MDA-231 cells, sepiapterin treatment partially decreased O 2 À generation by a mechanism inhibited by L-NNA (Fig. 1D) . These results, combined with the cGMP measurements, are consistent with sepiapterin recoupling of NOS activity.
Some investigations demonstrate that BH4 stabilizes a NOS dimer to SDS gel electrophoresis and is essential for a coupled catalysis (15, 29) . We were unable to demonstrate this monomerdimer transition with either iNOS or eNOS isoforms in sepiapterin-treated MCF7 cells with or without transfection to overexpress the NOS isoforms. Other studies have also not shown this monomer-dimer transition with BH4-dependent recoupling of NOS activity (30, 31) . It is possible that BH4 stabilizes a specific conformation of the dimer that is unstable in SDS but necessary for NO synthesis (30) .
Recoupling NOS downregulates b-catenin expression
Reduced b-catenin expression is observed with PKG overexpression in cultured colorectal tumor cells (13, 32) and in both colorectal and breast tumor cells by incubating with a cGMP phosphodiesterase inhibitor (33, 34) . MCF7 cells were treated with 20 mmol/L sepiapterin with or without the PKG inhibitor KT5823 (a specific PKG inhibitor, IC 50 20 nmol/L), for up to 3 days. Cells were harvested each day and analyzed for b-catenin expression. Sepiapterin treatment in vitro for 72 hours reduced b-catenin expression by more than 60% via a mechanism inhibited by KT5823 ( Fig. 2A and B) . Almost complete ablation of b-catenin expression was observed in MCF7 xenografts from mice drinking water supplemented with sepiapterin for 48 hours (Fig.  2C) . In spontaneous tumors from MMTVneu mice, inclusion of sepiapterin in their drinking water reduced b-catenin expression by 50% (Fig. 2D) .
b-Catenin modulates tumor progression in part by interacting with the transcription factor TCF-4. We tested whether sepiapterin-induced downregulation of b-catenin resulted in a decreased TCF-4 promoter activity using a luciferase reporter construct (Fig.  2E) . Luciferase activity was measured at 24 hours after transfection with cells treated with sepiapterin with or without KT5823 for the indicated times or after siRNA knockdown of PKG. Significant inhibition by 20 mmol/L sepiapterin was observed as early as 18 hours with maximal inhibition of 80% at 72 hours, the longest period tested. Sepiapterin inhibition of TCF-4 promoter activity was mostly reversed with KT5823. Treatment of cells for 24 hours with the cell-permeant cGMP analogue 8-Br-cGMP as a positive control reduced TCF-4 promoter activity by 80%. The pharmacologic inhibition of PKG activity and its effect on TCF-4 activity by sepiapterin was confirmed by siRNA knockdown of PKG expression.
Recoupling NOS inhibits NF-kB promoter activity
A key link between inflammation and oncogenesis is the transcription factor NF-kB. NF-kB is constitutively active in cancer cells due to autocrine and paracrine factors produced in the inflammatory microenvironment. NF-kB activity is both positively and negatively affected by ROS/RNS-nitration of Tyr 181 of IkBa activates NF-kB (10), whereas S-nitrosylation of Cys 38 of the p65 subunit inhibits (12) . Treatment of MCF7 cells with 20 mmol/L sepiapterin completely eliminated basal Tyr nitration of IkBa (Fig. 3A) . Figure 3B shows that increasing sepiapterin concentration augments levels of S-nitrosylated p65. A similar dose response was obtained when NF-kB promoter activity was measured in MCF7 cells transiently transfected with a luciferase based reporter construct. Incubation of these cells with sepiapterin reduced basal NF-kB promoter activity by 40% (Fig. 3C) . A mutant Cys 38 Ser p65, which renders NF-kB insensitive to S-nitrosylation (12), was cotransfected with the luciferase reporter, and luciferase activity was measured with and without preincubation with sepiapterin. The reduction in NF-kB reporter activity obtained with sepiapterin was completely blocked by the overexpression of the mutant protein (Fig. 3C ).
Sepiapterin treatment is cytotoxic to MCF7 and MDA-231 cells in tissue culture or as xenografts A clonogenic assay in vitro and with xenografts establish that sepiapterin treatment at the concentrations used is cytotoxic to both MCF7 and MDA-231 breast carcinoma cells (Fig. 4A and B) . We tested whether the cytotoxic activity of sepiapterin could be inhibited by the NOS inhibitor L-NNA, previously shown to inhibit NOS in MCF7 but without cytotoxic activity in vitro by itself (19, 35) . The present results confirmed these results, but also demonstrated that L-NNA completely inhibited sepiapterininduced cell killing (Fig. 4C) . The PKG inhibitor KT5823 was equally ineffective as a cytotoxic agent but abrogated sepiapterin cytotoxicity.
Because L-NNA is cytotoxic to tumors in vivo, and because the sepiapterin reductase inhibitor NAS blocks the sepiapterininduced increase in BH4:BH2 (Table 2) , we tested whether inhibiting the BH4 salvage pathway with NAS blocks the sepiapterin cytotoxicity in vivo. Treatment of mice with NAS blocked tumor cell killing by sepiapterin, as measured by the ex vivo clonogenic assay of MCF7 xenograft tumors (Fig. 4D) .
Sepiapterin is an antioxidant and shown to possibly protect sGC from oxidant inactivation (20) . To rule out this role in the cytotoxic activity of sepiapterin, cells were incubated with, tetrahydroneopterin (NHP4), a biopterin with equivalent free radical scavenging activity as sepiapterin but unable to participate as a cofactor for NOS (20) . As shown in Fig. 4C, NHP4 at concentrations equal to those used with sepiapterin was not cytotoxic.
The effects of prolonged sepiapterin treatment on tumor growth and animal survival were tested with MDA-231 xenografts. As shown in Supplementary Fig. S3 continuous oral supplementation over weeks provides a significant survival advantage. Future studies are required to determine how much this is due to sepiapterin effects on tumor cells and how much on supporting stromal cells.
Sepiapterin reduces tumor progression in the MMTVneu mouse assessed by FDG PET/CT and Ki67 staining
Antitumor activity of sepiapterin was also evaluated with a spontaneous cancer model, the MMTVneu mouse using FDG-PET/CT and Ki67 staining of tumors after animal sacrifice (Fig. 5) . PET/CT scans before and after 5 days of oral sepiapterin (Fig. 5A) were quantified from 9 tumors (6 mice, 3 of which carried 2 tumors) and analyzed for changes in FDG uptake (Fig. 5B) . The percentage of decreases in FDG uptake by tumors varied significantly between animals and indeed between tumors from the same mouse (m001, m004, and m005). In all mice, except m005, sepiapterin reduced FDG uptake. When results from this mouse were censored in the Results from 3 experiments were quantified by densitometry and are shown in the bar graph (n ¼ 3, P < 0.01). B, MCF7 cells were incubated with sepiapterin for 6 hours before analysis of S-nitrosylation. GSNO (þ) was added as a positive control. Total cell lysates were probed for actin as loading controls (bottom). n ¼ 3; Ã , P < 0.05. C, the effect of 6 hours of sepiapterin on basal NF-kB promoter activity was determined with a luciferase-based reporter with tumor necrosis factor as a positive control. Some MCF7 cells were cotransfected with the NF-kB reporter plasmid and the p65 Cys 38 Ser mutant. Results represent the average of triplicate samples (n ¼ 3; Ã , P < 0.05). Ã , P < 0.05). B, for the ex vivo clonogenic assay of tumor xenografts, mice drank sepiapterin at 40 mg/mL for 48 hours before isolating single tumor cells for the clonogenic assay (n ¼ 3; Ã , P < 0.05). C, in vitro clonogenic assays comparing the effects of NHP4 and sepiapterin (at the indicated concentrations) and the PKG inhibitor KT5823 (1 mmol/L) and NOS inhibitor L-NNA (200 nmol/L) on sepiapterin cytotoxicity (n ¼ 3; Ã , P < 0.05). D, animals bearing MDA-231 flank xenografts with and without drinking sepiapterin-doped water and with or without the sepiapterin reductase inhibitor NAS delivered i.p. at 10 mg/kg the day before starting sepiapterin, on the day starting sepiapterin, and 24 hours later. Animals were sacrificed at 48 hours after sepiapterin treatment. n ¼ 3; Ã , P < 0.05, comparing treated versus untreated, and n ¼ 3; Ã , P < 0.05.
analysis, sepiapterin reduced FDG uptake by 25% (P < 0.019). When the data from this mouse were included in the analysis, FDG uptake was reduced by 21% (P < 0.062).
Reasons for this variability in FDG uptake are unclear. However, there were some tumors with tissue extracts available for BH4:BH2 analysis, including m005. A linear correlation (P ¼ 0.01) was established between BH4:BH2 at the end of treatment and FDG uptake (Fig. 5C) . BH4:BH2 of the two tumors of sepiapterin -treated m005 (1.1 and 1.3) were not significantly different from the average ratio for untreated MMTVneu tumors (1.0 AE 0.2; Table 1 ). Because we did not monitor water consumption separately for each mouse, it was possible that m005 did not consume enough sepiapterin to enhance the BH4:BH2. Other mechanisms, including poor tumor vascularization, are also possible. For the tumor with greatest reduction in FDG uptake (À72%, m004, tumor 6), BH4:BH2 was 3.9, similar to that observed for the normal mammary fat pad of the MMTVneu mouse (3.8 AE 0.5; Table 1 ).
Ki67 staining, a marker for actively proliferating cells, was used to confirm that sepiapterin reduced tumor growth (Fig. 5D) . Representative immunofluorescence images of DAPI-and Ki67-stained sections of tumors from mice with and without sepiapterin treatment are shown along with a statistical evaluation from 5 randomly chosen tumor slices from three control and three treated animals. Sepiapterin treatment for 5 days reduced Ki67 staining by 60%.
Discussion
The major finding of this study is that regardless of tumor type and whether cells are cultured or derived from tumors, BH4:BH2 is significantly lower than normal tissues. Furthermore, BH4:BH2 is enhanced by supplementing the culture medium or animal drinking water with a salvage pathway precursor, sepiapterin. Therapeutically, increasing BH4:BH2 caused tumor cell death in tissue culture or tumor xenografts, as defined by clonogenic survival and in spontaneous tumors by FDG-PET imaging and Ki67 staining. Amino acid hydroxylases also use BH4 as a cofactor. Previous investigations suggest a growth-promoting, antiapoptotic role for serotonin, a product of tryptophan hydroxylase activity (36) . This is contrary to the growth-inhibitory properties observed with sepiapterin in vitro, implying that any increase in tryptophan hydroxylase activity due to an increased BH4:BH2 is of lesser importance in effecting tumor growth. Future studies may need to consider both pro-and antiangiogenic activities of serotonin (37, 38) .
Low levels of cGMP due to enhanced expression of PDE5, a cGMP-specific phosphodiesterase, characterize some cancer cells (14) . Increasing cGMP levels by inhibiting PDE5 blocks MDA-231 and ZR75-1 breast cancer cell growth but not growth of nontransformed human mammary epithelial cells that do not express PDE5 (14, 34) . Although not all downstream targets of cGMP/ PKG are known, inhibition of PDE5 is associated with downregulation of b-catenin expression and downstream TCF-4 promoter activity in these breast cancer cell lines (14, 34) . Our findings demonstrate that increased cellular cGMP levels and PKG activity, reduced b-catenin expression and TCF-4 promoter activity, and enhanced tumor cell killing are also obtained by modulating BH4:BH2 with a natural endogenous molecule.
The effects of NOS recoupling on tumor cell viability cannot be completely explained by enhanced PKG activity. This is clearly seen in the experiments demonstrating that increasing BH4:BH2 results in decreased tyrosine nitration of IkBa but increased Snitrosylation of the p65 subunit of NF-kB partially inhibiting the latter's transcriptional activity (Fig. 3) . Other regulatory proteins potentially involved in tumor growth are also posttranslationally modified by either Tyr nitration, e.g., PP2A, p53 (10, 11, 35) , or Cys S-nitrosylation or oxidation, e.g., protein Tyr phosphatases, ras (6, 7) .
Several mechanisms potentially contribute to the decreased BH4:BH2 of cancer cells. Overexpression of the rate-limiting enzyme for BH4 synthesis GCH1 significantly increases the BH4:BH2 in MCF7 cells, suggesting that either reduced GCH1 expression or activity may have a role. Some studies indicate that proteasomal degradation of GCH1 is a key regulatory factor in BH4 synthesis and it is thought to be one mechanism for the BH4 deficiency in diabetes mellitus (39) . Proteasomal degradation of GCH1 is blocked by metformin-induced AMPK activation, resulting in the recoupling of eNOS in endothelial cells (40, 41) . On the other hand, a recent report indicates that in some tumors GCH1 expression might actually be increased (42) . This study did not, however, evaluate functional consequence such as BH4:BH2 or cGMP. GCH1 activity is also regulated by an inhibitory protein, GCH1 feedback regulatory protein (GFRP). GFRP inhibits GCH1 by a direct binding mechanism that requires BH4 at the interface between the two proteins (43) .
DFHR and dihydropteridine reductase (DHPR), acting together or individually, can by salvage synthesize BH4. It is unlikely, given the DNA synthesis requirements of cancer cells that reduced DHFR activity account for reduced BH4. DHPR reduces quinonoid dihydrobiopterin, an intermediate in the peroxynitrite oxidation of BH4 to BH2, back to BH4. There are reports that expression levels of DHPR are reduced in conditions where BH4:BH2 is low, e.g., diabetes (44) . A genetic disorder of reduced DHPR is treated with BH4 (45) . Early investigations also indicate that DHPR activities are lower in solid tumor tissue relative to their normal tissue counterpart (46) .
Results in Table 2 demonstrate potential mechanisms by which NOS produced peroxynitrite that oxidizes BH4, further propagating uncoupling (47) . A related mechanism follows from the cellular proximity relationships between NOS and O 2 À generating activities. Both eNOS and iNOS, the major NOS isoforms in epithelial tumor cells, reside at least in part at the plasma membrane. eNOS has a complicated relationship to the plasma membrane being targeted to plasma membrane caveolae through a mechanism involving N-myristoylation and palmitoylation and forming a complex with caveolin-1 (48) . Binding to caveolin-1 induces an inhibitory conformation of eNOS that is relieved upon Akt phosphorylation of eNOS. This positioning of eNOS at caveolae puts it in close proximity to the O 2 À generating NADPH oxidases, potentially generating peroxynitrite that rapidly reacts with BH4, thereby initiating uncoupling (49) . GCH1 has also been localized to caveolae in some cells (50) . Results in Table 2 demonstrate that NADPH oxidase is also a potential contributor in the oxidation of BH4. NOS uncoupling can occur under other conditions, e.g., low [Arg], or elevated levels of endogenous NOS inhibitors (17, 18) . Regardless of the mechanism, NOS uncoupling represents a critical switching mechanism for tumor cell growth. When the primary product of NOS is NO, downstream signaling is dominated by NO-dependent pathways (e.g., sGC/PKG and S-nitrosylation). Uncoupled NOS, on the other hand, produces oxidants such as peroxynitrite and O 2 À , initiating different downstream signaling that for tumor cells are proproliferative and antiapoptotic, e.g., NF-kB. The focus of this study has been on the tumor cell. Given the chronic inflammatory conditions of solid tumors, it is likely that stromal cells also exhibit uncoupled NOS activity and, by this mechanism, are subverted to support tumor growth. Our results also suggest a novel anticancer therapy that by its mode of action should have minimal normal tissue toxicity. Synthetic BH4 (Kuvan) is presently being using to treat certain forms of phenylketonuria and is being tested in clinical trials to reduce endothelial dysfunction.
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